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Abstract— This study used the specific example of 3D print-
ing with acrylonitrile butadiene styrene (ABS) as a means to 
investigate the potential usefulness of benchtop rapid prototyp-
ing as a technique for producing patient specific phantoms for 
radiotherapy dosimetry. Three small cylinders and one model 
of a human lung were produced via in-house 3D printing with 
ABS, using 90%, 50%, 30% and 10% ABS infill densities.  
These phantom samples were evaluated in terms of their geo-
metric accuracy, tissue equivalence and radiation hardness, 
when irradiated using a range of clinical radiotherapy beams. 
The measured dimensions of the small cylindrical phantoms all 
matched their planned dimensions, within 1mm. The lung 
phantom was less accurately matched to the lung geometry on 
which it was based, due to simplifications introduced during 
the phantom design process. The mass densities, electron den-
sities and linear attenuation coefficients identified using CT 
data, as well as the results of film measurements made using 
megavoltage photon and electron beams, indicated that phan-
toms printed with ABS, using infill densities of 30% or more, 
are potentially useful as lung- and tissue-equivalent phantoms 
for patient-specific radiotherapy dosimetry. All cylindrical 3D 
printed phantom samples were found to be unaffected by 
prolonged radiation and to accurately match their design 
specifications. However, care should be taken to avoid over-
simplifying anatomical structures when printing more complex 
phantoms. 
Keywords— Radiation therapy, rapid prototyping, lung 
phantom. 
I. INTRODUCTION  
Three dimensional (3D) models of anatomical structures 
produced via rapid prototyping are being increasingly 
adopted for use in maxillofacial surgery planning [1], hae-
modynamics studies [2,3] and other medical applications 
[3,4]. Geometrically accurate models can be designed using 
medical images acquired using MRI [2,4] or CT [5,6,7] and 
inexpensively fabricated using polymers including poly-
eurethane [5], polylactic acid [8] and epoxy resins [5]. Ma-
terials and densities can be varied to produce radiographic 
contrast or tissue-equivalence [5,6 ].  
Clearly, such models would be useful as radiotherapy 
phantoms, for patient-specific quality assurance or treat-
ment plan evaluation in anatomically challenging or dosi-
metrically complex cases. To date, however, the use of 
rapid protoyping for the construction of radiotherapy phan-
toms has been largely limited to generic models based on 
average patient anatomy, for use in routine clinical dosime-
try [9] or national and international dosimetry audits [5,6]. 
The broad adoption of a rapid prototyping technique for 
the production of patient specific phantoms for use in radio-
therapy dosimetry requires that the resulting phantoms are 
shown to accurately replicate the desired patient geometries, 
be sufficiently tissue-equivalent to provide usable meas-
urements and be insusceptible to the effects of radiation. 
In this study, therefore, several samples of an acryloni-
trile butadiene styrene (ABS) phantom material, produced 
quickly and inexpensively via 3D printing, were evaluated 
in terms of their geometric accuracy, tissue equivalence and 
radiation hardness, so that 3D printing may be more broadly 
adopted for phantom construction in the future. 
II. MATERIALS AND METHODS 
A. Phantom construction  
Four small samples of phantom material were evaluated 
in this study. Three of these were cylinders, designed using 
Sketchup 2014 (Trimble Navigation Ltd, Sunnyvale, USA) 
to fit into a CIRS 062 CT calibration phantom (Computer-
ized Imaging Reference Systems Inc., Norfolk, USA). The 
remaining sample was a 50 % scale model of a human lung, 
based on CT data. 
The CT images used to create the small lung phantom 
were acquired at a 2.5 mm slice thickness, using a GE DIs-
covery 690 scanner operating at 120 kVp. These images 
were imported into Deasy et al's CERR code [10], where the 
the lung and a small peripheral tumour were contoured. 
Stereolithography (STL) format files describing the con-
tours were then produced using Fedorov et al's 3D Slicer 
code [11] and smoothed using the Meshmixer 3D modelling 
software (Autodesk Inc., Mill Valley, USA). 
The STL geometry files for all of the sample phantoms 
were imported into the XYZware 3D printing software and 
printed in ABS using a Da Vinci 3D pinter (XYZ printing, 
San Diego, USA) which converted the STL file to machine 
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commands (gcode) to enable printing. Because ABS has a 
density of 1.05 g/cm
3
, the polymer was printed in a mesh 
pattern, with air filling the gaps between solid strands of 
ABS, to produce some lower density materials. The three 
cylinders were printed with 30%, 50% and 90% ABS infill 
densities and the small lung phantom was printed with a 
10% ABS infill density. 
 
B. Geometric evaluation 
The simple cylinders were measured physically, with cal-
ipers, and radiologically, by CT scanning the phantom and 
using the measurement tool in the Varian Eclipse radiother-
apy treatment planning system (Varian Medical Systems, 
Palo Alto, USA) to measure the phantom's features in the 
imported CT data. These measurement results were com-
pared with the design dimensions for the cylinders.  
The dimensions of the small lung phantom were evaluat-
ed qualitatively, by CT scanning the phantom and compar-
ing the resulting images with images of the lung in the orig-
inal patient CT data on which the phantom was based. 
 
C. Tissue equivalence 
The tissue equivalence of the sample phantoms was as-
sessed via two methods. Firstly, the phantoms were imaged 
using a Siemens AS Open CT scanner (Siemens Healthcare, 
Malvern, USA) and the Hounsfield units from the resulting 
scan were used to identify the materials' linear attenuation 
coefficients and to derive their mass densities and electron 
densities. These results were compared with corresponding 
data for lung- and water-equivalent inserts from a Gammex 
467 tissue characterisation phantom. 
The attenuation and scatter properties of the cylindircal 
samples were also evaluated, for a range of clinical radio-
therapy beams. Eight different single-field treatments were 
planned for a phantom consisting of 30 x 30 x 7 cm
3
 of 
Virtual Water (Standard Imaging, Middleton, USA) with 
the three cylindical samples positioned on top, along with 
five samples of lung-, tissue- and water-equivalent plastic 
from the tissue characterisation phantom. 
The treatment beams used in the plans were a 10 MV 
flattened photon beam, a 6 MV flattened photon beam, and 
a 6 MV unflattened (FFF) photon beam, as well as 6, 9, 12, 
16 and 20 MeV electron beams, delivered using a Varian 
Truebeam linear accelerator. The field size used for all 
beams was 25 x 25 cm
2
 and the surface of the Virtual Water 
block was set at 105 cm from the photon source. 
Each of these treatments was delivered to the phantom, 
with a 20 x 20 cm
2
 sheet of EBT3 radiochromic film placed 
between the Virtual Water block and the cylindrical inserts. 
The film was calibrated, scanned and analysed using an 
established film dosimetry procedure [12,13] and the results 
were compared with the doses predicted by the Varian 
Eclipse treatment planning system. 
 
D. Radiation hardness 
The effects of radiation on the 3D printed phantoms was 
evaluated by re-measuring the geometry of the cylindrical 
samples and re-acquiring the CT scan used in the tissue 
equivalence study after the three samples had been irradiat-
ed for several hours a day for 30 days, while placed on the 
floor below a 3D water tank during the commissioning of a 
new linear accelerator. Results obtained before and after this 
substantial irradiation were compared, in order to identify 
any geometric or chemical changes in the samples. 
III. RESULTS AND DISCUSSION 
A. Geometric evaluation 
Table 1 Measured dimensions of sample phantoms 
ABS infill density Meas. method Diameter (cm) Length (cm) 
90% Design 3.0 4.0 
90% Physical 3.0 3.9 
90% Phantom CT 2.9 3.9 
50% Design 3.0 4.0 
50% Physical 3.0 3.9 
50% Phantom CT 3.0 3.9 
30% Design 3.0 4.0 
30% Physical 3.0 3.9 
30% Phantom CT 3.0 3.9 
 
Table 1 shows the results of the geometric evaluation of 
the phantom samples and indicates that the (physically and 
radiologically) measured dimensions of the small cylindri-
cal phantoms closely matched their planned dimensions.  
 
Fig. 1 CT images of patient’s lung (left) and resulting lung phantom 
(right), alongside CT images of cylindrical samples with (from top to 




Qualitative comparison between the CT images of the 
3D-printed lung phantom and the patient CT on which it 
was based revealed more substantial differences. The use of 
manual contours to produce an initial design from the CT 
images led to some simplification of the shape of the lung 
and some conservative over-estimation of the size of the 
tumour. The overall shape of the lung volume was further 
simplified as the design was refined and prepared for print-
ing. These effects are exemplified by the images shown in 
Figure 1.  
 
B. Tissue equivalence 
Table 2 shows the physical properties of the phantom 
samples used in this study, identified via analysis of CT 
data. These results indicate that the cylindrical 3D-printed 
phantoms all exhibit densities and attenuation coefficients 
that fall into the range of values identified in the commer-
cial tissue-equivalent materials.   
Table 2 Phantom physical properties: Density (ρ), electron density relative 
to water (ρe,rel) and linear attenuation coefficient relative to water (μrel). 
Phantom ρ ρe,rel μrel 
Cylinder – 90% ABS 1.06 ± 0.02 1.05 ± 0.03 1.04 ± 0.03 
Cylinder – 50% ABS 0.58 ± 0.02 0.57 ± 0.02 0.56 ± 0.02 
Cylinder – 30% ABS 0.36 ± 0.01 0.35 ± 0.01 0.34 ± 0.01 
Lung – 10% ABS 0.17 ± 0.16 0.16 ± 0.16 0.15 ± 0.15 
CT-ED Lung-300 0.29 ± 0.02 0.28 ± 0.02 0.26 ± 0.02 
CT-ED Lung-450 0.44 ± 0.02 0.44 ± 0.02 0.44 ± 0.02 
CT-ED Adipose 0.94 ± 0.01 0.93 ± 0.01 0.90 ± 0.01 
CT-ED Liver 1.09 ± 0.01 1.06 ± 0.01 1.07 ± 0.01 
CT-ED Cortical bone 1.83 ± 0.02 1.70 ± 0.02 2.23 ± 0.03 
CT-ED Solid water 1.02 ± 0.01 1.01 ± 0.01 1.01 ± 0.01 
Water 1.00 1.00 1.00 
 
The results for the 90% ABS cylinder lie between the 
values for the water-equivalent and liver-equivalent inserts 
from the tissue characterization phantom, potentially 
providing a useful approximation of tumour, muscle or 
other soft tissue.  
The results for the 30% and 50% ABS cylinders are simi-
lar to the values for the two lung-equivalent phantom in-
serts, making them potentially suitable for use in the con-
struction of lung-equivalent phantoms. The use of a meshed 
printing technique to produce these low-density samples 
does appear to have affected their results, because the re-
sulting meshes are very fine and foam-like.  
By contrast, the mesh produced by the 3D printing soft-
ware, when required to produce a phantom with a 10% ABS 
infill density was so coarse that a structure consisting of 
solid ABS walls around relatively large (6 mm diameter) air 
chambers was clearly resolvable in the CT images of the 3D 
printed lung phantom (see Figure 1). For this reason, the 
standard deviations in the densities and attenuation coeffi-
cients listed for the 10% ABS lung phantom, in table 2, are 
relatively large and the material fails to approximate the 
radiological effect of lung tissue.  
 
Fig. 2 Dose profiles from (a) electron beams and (b) photon beams, result-
ing from treatment planning system dose calculations and film measure-
ments, downstream of 30% ABS cylindrical phantom. 
 
Fig. 3 Dose profiles from (a) electron beams and (b) photon beams, result-
ing from treatment planning system dose calculations and film measure-
ments, downstream of “LN-300” lung-equivalent insert from Gammex 
tissue characterization phantom. 
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Comparisons of film measurements made downstream of 
the cylindrical 3D printed phantoms and the inserts from the 
commercial tissue characterization phantom confirm that 
the attenuation and scattering effects of the 3D printed sam-
ples are similar to the effects of established lung- and tissue-
equivalent materials, for the eight clinical photon and elec-
tron radiotherapy treatment beams used in this study. 
Planned and measured doses differed by less than 10%, 
downstream of all 3D printed cylinders and commercial 
tissue-equivalent samples. Figures 1(a)-(b) and 2(a)-(b) 
typify these results, for the 30% ABS printed cylinder and 
the “Lung-300” commercial phantom insert, respectively.  
The example dose profiles in Figures 1(a)-(b) and 2(a)-
(b) show that directly downstream of both the 3D printed 
cylinder and the commercial lung-equivalent tissue phantom 
insert, there is relatively close agreement between the dose 
predicted by the treatment planning system and dose meas-
ured with film, for the two flattened photon beams, while 
the planned dose slightly exceeds the measured dose, in 
both cases, for the flattening filter free 6 MV photon beam 
and the electron beams.  
 
C. Radiation hardness 
Data listed in Table 3, indicate that the irradiation of the 
cylindrical 3D printed phantoms had no noticeable effect on 
their observed characteristics. The phantoms’ densities and 
dimensions were unchanged (compare with Tables 1 and 2). 
Table 3 Measured dimensions and physical properties of sample phantoms, 




Length ρ ρe,rel 
Cylinder – 90% ABS 3.0 3.9 1.05 1.05 
Cylinder – 50% ABS 3.0 3.9 0.58 0.57 
Cylinder – 30% ABS 3.0 3.9 0.37 0.37 
IV. CONCLUSIONS  
This study showed that 3D printing using ABS can pro-
duce geometrically accurate and radiologically robust mate-
rials that are potentially useful as lung- and tissue-
equivalent phantoms. A 90% ABS infill density was found 
to result in a material suitable for modelling tumour, muscle 
or other soft tissue, while ABS infill densities of 30-50% 
resulted in phantoms with densities low enough to model 
lung while also avoiding the course mesh structures that 
occur when lower infill densities (such as 10% ABS) are 
used. The data relating ABS infill to electron density pro-
duced by this study may be used as calibration information, 
so that appropriate ABS infill densities can be selected for 
modelling specific tissues, when printing more complex, 
anatomical phantoms, in the future. 
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